Inocula made by mixing tobacco rattle virus (strain CAM; TRV), poly-Lornithine (PLO) and either citrate buffer or phosphate buffer were compared by measuring their turbidity, by estimating the effect of centrifugation on their infectivity and by electron microscopy. Aggregates (floccules) containing virus particles were formed in the inocula but there was no evidence of any major difference in size between aggregates formed in the different buffers. The relationship between the loss of infectivity following centrifugation and the centrifugal force applied suggested that the aggregates causing infection sedimented at an average of I34oS (mol. wt. 7 x iDa). Electron microscopy showed electron dense masses in most of which IO to 2o TRV particles were embedded. Aggregates made in citrate had virus particles arranged radially whereas aggregates made in phosphate were more randomly constructed.
INTRODUCTION
Infection of most types of isolated protoplasts with most viruses is favoured by a prior reaction between three constituents of the inoculum" virus particles, a polycation (normally poly-L-ornithine; PLO) and buffer ions (Takebe, i975) . With tobacco rattle virus all three constituents must usually be mixed 1o to 2o min before adding protoplasts. It is thought that this time is needed for aggregates to form and that these aggregates are largely responsible for infection (Kubo et al. 1976) .
With several viruses a considerable increase in infection was obtained when citrate buffer was replaced by phosphate buffer (Kubo et al. 1974; Motoyoshi & Oshima, 1975; Takebe, 1975; Beier & Bruening, I976; Barker & Harrison, I977) . Kubo et al. (1976) suggested that the aggregates formed in phosphate are smaller and more numerous than those formed in citrate and that this smaller size results in the phosphate buffered inocula being the more infective. However, results of the further experiments reported below suggest that, at concentrations of reactants used for routine inoculation, there is little difference between the sizes of aggregates formed in either citrate or phosphate buffers. In addition, the results of experiments with phosphate buffered inocula suggest that poly-L-ornithine has two roles in the inoculation process, only one of which is concerned with the formation of aggregates.
METHODS
Virus. Tobacco rattle virus (TRV, CAM isolate, R/I : 2.4/5 + o. 7/5 : E/E: S/*, tobravirus group) was purified from frozen sap of infected Nicotiana clevelandii plants (Harrison & Woods, I966) .
Isolation, inoculation and culture of protoplasts. Protoplasts were isolated from palisade cells of leaves of N. tabacum cv. Xanthi grown in a controlled environment cabinet (Kubo et al. 1975a ) by two-step enzyme digestion (Kubo et al. I975 b) . Protoplasts were inoculated at 0"5 × lO 5 per ml by the indirect method for ro min at 25 °C, washed and cultured in incubation medium as described (Kubo et al. I975b) . PLO (type r-C, mol. wt. about I2OOOO) was obtained from Sigma Biochemicals, London. Infection was assessed after 44 h at 22 °C by counting the proportion of living protoplasts that stained with fluorescent antibody to TRV.
Spectrophotometry. Light scattering was measured as absorbance at 32o nm using 20 mm path length cells in a Unicam SP. 5oo spectrophotometer.
Centrifugation. Samples were centrifuged at 2o to 22 °C in cellulose nitrate tubes in either an SW27. ! rotor in a L2-65 centrifuge or in an SW5 o . I rotor in an Beckman L centrifuge. The angular velocity time integral was calculated from the formula (Funding & Steensgaard, I973) .
where P is the duration of centrifugation at full speed (rain), A is the time taken to accelerate, D is the time taken to decelerate, and Q is the rotor speed during the run (rev/min). Braking was used, and acceleration and deceleration times were similar.
Viscosity and density values for water were taken from standard tables, the density of inocula in mannitol was determined by direct weighing and the viscosity was calculated by determining s~0 of TRV in 0-05 M-phosphate, pH 6, and in 0"63 M-mannitol + buffer and using the formula (Schumaker & Rees, I972) ,
where s is the observed sedimentation coefficient, ~ is the partial specific volume of virus, taken to be o.713 (see Results), P2o.~, = 0"9982 g/ml, p is the density of the mannitol solution at 2o °C, ~/~o,, = O.OLOO2 poise and ~/is the unknown viscosity.
Calculation of sedimentation coefficient. Sedimentation coefficients can be calculated from experiments done with a preparative centrifuge using the formula
In (r~0) = s~o~2dt (I) where r0 and re are the radial positions in the centrifugal field of a particle, of sedimentation coefficient s, at the start and the end, respectively, of centrifugation, giving an angular velocity time integral of J" comdt. The relation between changes in infectivity caused by centrifugation and the quantity rf/ro is complex but a curve for a uniform particle is given in Fig. 2 . A rectilinear formula (2) was derived (Robinson, 1978) which allowed a line of slope s to be fitted to the data using standard statistical methods.
where Cf/Co is the dilution of the sample caused by centrifugation, K = [ro/(rf-r0) ] and the other symbols are as in equation (I). * Inocula in 0"7 M-mannitol in either 0"05 M-phosphate, pH 6, or 0.02 M-citrate, pH 6, containing TRV and. PLO as shown, were kept at 25 °C for 2o rain and then centrifuged at I9OOO rev/min in an SW5o. I rotor for 3 rnin ( f ~o2dt = x'I × Iograd2/s).
t The centrifuged sample comprises the top 3 ml of the tube contents (5 ml), control is untreated.
Electron microscopy. Attempts to adsorb inoculum aggregates to carbon filmed grids within 3o min of preparing the mixtures were unsuccessful. To enhance the affinity of the grid surface for inoculum aggregates, the carbon filmed grids were coated with antiserum (Derrick & Brlansky, 1976 ) by placing on 3o/zl drops of anti TRV-CAM serum (titre I : 64o) diluted I in 64 with phosphate buffer. After incubating for 3 h at 37 °C, the grids were removed, washed twice for Io rain with buffer, then floated on 3o/tl drops ofinocula which lacked mannitol. After IO to 2o min grids were drained and stained with 2% sodium phosphotungstate, pH 7"o, or shadowed with uranium at 45 °. Specimens were examined in a Philips EM3olG electron microscope operating at 8o kV.
RESULTS

Effect of centrifugation on the turbidity of inocula
Mixtures containing 2o #g/ml TRV and 20 #g/ml PLO were more turbid when prepared in citrate buffer than when prepared in phosphate buffer (Table I ) confirming previous reports (Kubo et al. 1976) . However, when mixed at 2/zg/ml of each component, the routine concentration at which inocula were prepared, differences in turbidity were not significant (Table I) . After centrifugation at j" ~o~dt = I.I × Io 9 rad2/s, sufficient to sediment most material of 3ooos or more, most turbidity was lost and little difference remained between inocula. Centrifugation at J" o~2dt = 4 x io ~ rad2/s, which did not greatly alter infectivity (see below), did not change the turbidity of inocula containing 2o #g/ml TRV and PLO in phosphate buffer but decreased the turbidity of similar inocula in citrate buffer to that of the phosphate buffered inocula. The turbidity readings of inocula containing 2/*g/ml PLO are very small and therefore subject to considerable error; however, the results do suggest that the reaction between PLO and buffer occurring at tenfold higher concentrations of PLO than are used in normal inocula result in products qualitatively different from those made at routinely used inoculum concentrations.
Effect of inoculum dilution on infection
Centrifugation of inocula decreased their infectivity for protoplasts. In order to express this result in terms of physical dilution of the inoculum, calibration curves were prepared relating dilution of inocula with mannitol and the proportion of protoplasts infected. The effect of centrifugation on the infectivity of inocula.The inocula were prepared at 2 #g/ml TRV + 2 #g/ml PLO and kept at 25 °C for 20 min. After centrifugation in an SW5o. 1 rotor the infectivity for protoplasts of the upper 3 ml of the tube contents was compared with the infectivity of untreated inocula. Centrifugation is represented as the logarithm of the square of the angular velocity integrated over time (log j'to2dt) and the decreased infectivity is expressed in terms of the relative concentration of the inoculum using different dilution curves; thus a 50 % decrease in the number of protoplasts infected indicates a 2.9-fold dilution of a citrate buffered inoculum, but a twofold dilution of a phosphate buffered inoculum. In applying this calibration to the centrifugation data (see below) it is assumed that all inoculum constituents except mannitol sedimented together. 
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Effect of centrifugation on inoculum infectivity Fig. 2 shows the effect of centrifugation of inocula on the percentage of inoculated protoplasts becoming infected. The results, expressed as the relative concentration of the inoculum estimated from the percentage infection using Fig. I , are plotted against the square of the angular velocity integrated over time (log J" ~o2dt). A reasonable fit by eye to both sets of data was the line describing the loss of a 2oooS particle from suspension as shown in Fig. 2 . However, when the data were replotted (Fig. 3) in a form which gives a straight line relationship with a slope of s (as described in the Appendix) the estimate of s for the infecting unit was I34oS (standard error I7oS) using linear regression analysis. The standard error is less than seems apparent from Fig. 3 because the plot is constrained to pass through a fixed intercept value (Robinson, I978) . The assumption used in these fits was of a uniform size of aggregate estimated with error. Sources of such error were the biological assay used and the possibility of convective mixing when sampling very dilute reagents. Probably most significant was that electron microscopy showed that virus-containing aggregates present in inocula do vary in size (see below). However, the mean value estimated for s agrees well with the average size estimated by electron microscopy.
Estimates of the size of the infecting aggregates
From an estimate of s and several assumptions it was possible to calculate an estimated mol. wt. of the aggregate using the formulae (Trautman & Hamilton, 1972) 
and Ms = (-~)rr a0 a p' N 37 Supernatant + PLO (2 #g/ml) zz Supernatant + PLO (2.6/zg/ml) I 2 TRV (0.02/zg/rnl) + PLO (2/~g/ml) 9 TRV (o.o2 #g/ml)+ PLO (2.6 #g/ml) 27 TRV (o-o2/zg/ml) + PLO (3"2/zg/ml) 36 TRV (o.02 #g]rnl)+PLO (4 .ug/rnl) 32 * Inocula comprising 2 #g/ml TRV+ 2/zg/ml PLO in 0'05 M-phosphate, pH 6, were centrifuged for 5 rain at 25ooo rev/min in an SW27. I rotor (J" to~dt = 3"7 x iograd2/s).
+, Centrifuged or control inocula were left at 25 °C for Io min before inoculating protoplasts. Reactants were diluted twofold during inoculation.
:~ The upper 3/4 of the inoculum after centrifugation, i.e. between radii of 7"3 cm and I4"3 cm.
where 2a0 is the diameter of a sphere with the same volume, mass and density as the solvated particle, s is the sedimentation coefficient, p' is the reciprocal of the partial specific volume [a combination of o.7i 3, calculated for virus from values for protein (Mayo & Daney de Marcillac, I977) and nucleic acid (Markham, I967) , assuming 5 % nucleic acid, and o.82, the value for L-lysine which was assumed to be that for poly-L-ornithine], p is the density of the solvent measured as I.O4 g/ml, ~/is the viscosity of the solvent estimated as o-oi7 poise, f-fo is the frictional coefficient, Ms is the tool. wt. of the sedimenting structure and N is Avogadro's number. Assuming a spherical structure and a 3o % hydration (as estimated for tobacco mosaic virus protein by Caspar, I963) so that J-f0 = I.i, estimates of M~ for a 134oS aggregate were 8"5 × i o s for a structure containing equal weights of virus and poly-Lornithine and 6-6 × Ios for a structure containing 9o % virus nucleoprotein.
Electron microscopy of inoeula
A more direct attempt was made to determine the size of virus-containing aggregates by adsorbing them to carbon filmed grids coated with antiserum to TRV. Large numbers of electron-dense masses were found, some comprising irregular clumps of granular material, presumably PLO or PLO phosphate, but most (termed aggregates) consisting of virus particles and densely staining amorphous material often in the form of roughly spherical lumps in the centre of the aggregates (Fig. 4) .
Whether prepared in citrate or in phosphate buffers the aggregates were similar in overall size, with about 9 ° % of aggregates containing I to 6 long virus particles. However, occasionally up to 3o long particles were present in one aggregate. Short virus particles were frequently obscured near the centre of aggregates (Fig. 4) preventing accurate counts of their number. This size of aggregate corresponds well with that estimated from centrifugation data; indeed, as suggested above, this range of size of aggregates could explain the scatter of data points in Fig. 2 and 3 .
Although there was little distinction between the sizes of aggregates formed in citrate or phosphate buffers, other differences were consistently noted. Aggregates formed in citrate buffer did not change size when incubated for up to 6o min after mixing the reactants, whereas those in phosphate tended to increase in size up to twofold. Aggregates formed in citrate usually comprised a central lump of amorphous material with virus particles radiating from this centre (Fig. 4a, b) whereas aggregates prepared in phosphate often contained more than one lump of material and virus particles appeared to be randomly arranged in the * SW5o. I rotor centrifuged for 2 min at 15000 rev/min ( j" w~'dt = 4x losrad2/s) or at 19ooo rev/min ( SoJ2dt = 7x 1o"rad2/s).
t Inocula (5 ml) were either not centrifuged (control), or consisted of the upper 2"5 ml of the centrifuged sample (top), or the lower 2"5 ml vigorously mixed with material trapped on a cushion ofo.2 ml 6o % sucrose (bottom). * Inocula were prepared in water containing 2 #g/ml CAM + 2/zg/ml PLO ÷ 0'05 M-phosphate, kept at 25 °C for 20 min, and I3"5 ml samples were layered over 3"5 ml 0"7 M-mannitol, itself layered over o'2 ml 60 % sucrose. Tubes were centrifuged in an SW27.1 rotor for 2 min at 15 ooo rev/min (f o~2dt = 7"4 x toSrad2/s) and the top 14 ml was discarded. The remaining 3 ml samples were vigorously mixed and bulked as 'sediment'. These inocula were kept, with or without additions, for lO min at 25 °C before inoculation.
1" Concentrations given are those when the protoplasts were inoculated. Two #g/ml TRV + 2 #g/ml PLO + 0"05 M-phosphate in o'7 ra-mannitol kept at 25 °C for 6o rain during the preparation of the centrifuged inocula, and diluted twofold during inoculation. aggregate (Fig. 4c, d ). This difference in form was also observed when preparations were shadowed with uranium, and is therefore not an artefact of negative staining.
Experiments with centrifuged inocula : supernatant fraction
Following centrifugation of inocula in an SW27. ~ rotor the upper three-quarters of the supernatant fluid was removed and used as an inoculum. Very little infectivity was obtained unless PLO was added (Table 2) . To estimate how much PLO and virus had been removed, the concentrations of PLO required for maximum infection were determined for the supernatant fraction and for a range of concentrations of TRV. The results for o-o2 #g/ml TRV (Table 2) show that the optimum concentration of PLO in inocula for these protoplasts was 3"2/zg/ml and that, although it was essential to add PLO to the supernatant fraction, the added PLO was most effective at I'4/zg/ml or less. This suggests that the supernatant fraction contained PLO at about i-8/zg/ml (which is diluted to o'9 #g/ml during inoculation) and that the initial concentration in the inoculum before centrifugation of 2 #g/ml PLO was altered little by centrifugation. Similar experiments at lesser speeds resulted in different estimates but in all experiments less than half the PLO present in the inoculum (2 #g/ml) seemed to be removed from inocula by centrifugation.
The infectivity of the supernatant fraction was similar to that of inocula containing 0.02 #g/ml TRV ( Table 2 ) which suggests that little of the inoculum virus, initially 2/zg/ml, Sedimented fraction was prepared by centrifuging inocula of 2 #g/ml TRV + 2 #g/ml PLO in o'o5 M-phosphate, pH 6, without mannitol, on a layer of o'7 M-mannitol as described in Table 4 . PLO was added to this fraction or to TRV (z #g/ml)+mannitol+phosphate, and after incubation at 25 °C for xo min the inocula were mixed with an equal volume of mannitol containing o'5 × Io 5 protoplasts/ml. PLO concentration is expressed as that in the final mixture with protoplasts, tl---O, Addition to TRV; O--O, addition to the sedimented fraction.
in the supernatant fraction reacts with added PLO in a manner different to the reaction between purified virus and PLO (see below); thus conclusions about the amount of virus sedimented are tentative. However, the results do suggest that the great majority of the TRV in the original inoculum was bound in aggregates.
Experiments with centrifuged inocula : sedimented fraction
Attempts made using tubes of various compositions to recover infectivity from pellets of sedimented aggregates in their own supernatant fluid were unsuccessful unless a cushion of 60 % sucrose was used, when some infectivity was recovered (Table 3 )-In contrast, when inocula prepared in water were layered over 0"7 M-mannitol, itself layered over a 6o % sucrose cushion, and centrifuged, no infectivity was recovered in the mannitol layer. However as with the supernatant fraction (see above) infectivity was restored when the sedimented fraction (mannitol and sucrose layers) was mixed with PLO (Table 4) . Comparison between the dose response curves for adding PLO to the sedimented fraction and to TRV (Fig. 5) suggested that some PLO was bound to the aggregates, causing about a 0.2/zg/ml shift in the curve position. Fig. 6 . The effect of a delay between the addition of PLO (z/zg/ml) to inocula and the inoculation on the percentage of protoplasts infected. Sedimented fraction was prepared and compared with a routine inoculum of TRY as described for Fig. 5 except that inoculation was either immediately after mixing (2o s delay) or after different times of incubation at z5 °C (4 to z5 min delay). 0--0, TRV inoculum; (3--(3. sedimented fraction.
When TRV is mixed with PLO and buffer a delay of about Io min is needed before the resulting inocula achieve maximum infectivity (Kubo et al. I975b) . In contrast, when PLO was added to sedimented aggregates full infectivity was restored without delay (Fig. 6) . When PLO was added to a supernatant fraction similar to that described in Table 2 , infectivity was also restored immediately, suggesting that virus in both the sedimented aggregates and the supernatant fraction is in a different state from that before mixing with PLO.
DISCUSSION
The parallel between the rate at which turbidity increases after PLO, TRV and buffer are mixed, and the rate of increase in infectivity of such mixtures for protoplasts, has been taken as evidence that aggregate formation is a necessary prerequisite for successful inoculation of tobacco protoplasts (Kubo et al. 1976) . From electron micrographs of sections of inoculate d protoplasts these authors suggested that the aggregates formed in citrate buffered inocula were fewer and larger than those formed in phosphate buffer and speculated that this difference in size might account for the greater infectivity of phosphate buffered inocula. Turbidity may be interpreted as reflecting the size of aggregates in suspension but the difference found in turbidity between citrate and phosphate buffered inocula containing zo #g/ml PLO + 2o #g/ml TRV was not observed when normal inoculum concentrations of 2 #g/ml were used. Moreover, when inocula were centrifuged, turbidity seemed similarly diminished in the two buffers. These results therefore led to a more detailed examination of the sizes of aggregates formed in inocula prepared at concentrations usable for inoculation.
Although there is considerable scatter of the data shown in Fig. 3 the average sedimentation coefficient for the aggregate needed for infection (s = I34oS; mol. wt. = 7 to 8 x io 8, equivalent to 5 long and 2o short particles of the CAM strain of TRV) was consistent with the size of the virus-containing aggregates seen by electron microscopy. Most virus sedimented with such aggregates and when centrifuged free from any residual unaggregated virus, they were infective when mixed with PLO. Thus we give evidence that TRV particles present in aggregates as shown in Fig. 4 can initiate infection of tobacco protoplasts, supporting the suggestion from thin section studies made by Kubo et al. (1976) .
When PLO was added to either of the centrifuged fractions of an inoculum, infectivity was restored immediately. If, as seems likely when preparing routine inocula, pre-inoculation incubation for IO to 2o rain is required to form a complex between TRV particles, PLO and buffer anions (Kubo et al. I976) , then in each centrifuged fraction such a complex existed before the extra, but essential, PLO was added. These results therefore suggest that in addition to forming a complex with virus and buffer, PLO can assist infection without prior reaction with buffer or virus. Evidence for such a possibility might be strengthened by a better knowledge of the stoichiometry of the reactions of PLO, but perhaps the inhibitory effect of excess phosphate on infectivity ( We are grateful for the skilled assistance of Linda Cable with the protoplasts, and to Pauline Topham for statistical analyses.
